Most neuropharmacological agents and many drugs of abuse modulate the activity of heptahelical G-protein-coupled receptors. Although the effects of these ligands result from changes in cellular signaling, their neurobehavioral activity may not correlate with results of in vitro signal transduction assays. 5-Hydroxytryptamine 2A receptor (5-HT2AR) partial agonists that have similar pharmacological profiles differ in the behavioral responses they elicit. In vitro studies suggest that different agonists acting at the same receptor may establish distinct patterns of signal transduction. Testing this hypothesis in the brain requires a global signal transduction assay that is applicable in vivo. To distinguish the cellular effects of the different 5-HT2AR agonists, we developed an assay for global signal transduction on the basis of high throughput quantification of rapidly modulated transcripts. Study of the responses to agonists in human embryonic kidney 293 cells stably expressing 5-HT2ARs demonstrated that each agonist elicits a distinct transcriptome fingerprint. We therefore studied behavioral and cortical signal transduction responses in wild-type and 5-HT2AR null-mutant mice. The hallucinogenic chemicals (Ϯ)-2,5-dimethoxy-4-iodoamphetamine (DOI) and lysergic acid diethylamide (LSD) stimulated a head-twitch behavioral response that was not observed with the nonhallucinogenic lisuride hydrogen maleate (LHM) and was absent in receptor null-mutant mice. We also found that DOI, LSD, and LHM each induced distinct transcriptome fingerprints in somatosensory cortex that were absent in 5-HT2AR null-mutants. Moreover, DOI and LSD showed similarities in the transcriptome fingerprints obtained that were not observed with the behaviorally inactive drug LHM. Our results demonstrate that chemicals acting at the 5-HT2AR induce specific cellular response patterns in vivo that are reflected in unique changes in the somatosensory cortex transcriptome.
Introduction
The effects of 5-hydroxytryptamine [serotonin (5-HT)] are mediated by a large number of receptor subtypes, most of which belong to the rhodopsin-like heptahelical structural family (Barnes and Sharp, 1999) . The 5-HT 2A receptor (5-HT2AR) has been implicated in the symptoms of schizophrenia, and antagonism at 5-HT2ARs has been proposed to contribute to the clinical effects of "atypical" antipsychotic medications (Meltzer, 1999) . Activation of 5-HT2ARs is thought to be responsible for the psychotomimetic properties of hallucinogenic chemicals (Aghajanian and Marek, 1999a) . For example, many of the behavioral responses induced by hallucinogenic drugs of abuse, such as LSD, depend on activation of 5-HT2ARs (Fiorella et al., 1995; Nichols, 1997; Willins and Meltzer, 1997; Vollenweider et al., 1998) . In contrast, closely related chemicals that have similar pharmacological activity at the 5-HT2AR in vitro (Egan et al., 1998; Porter et al., 1999) do not induce similar neuropsychological responses (Pieri et al., 1978; White and Appel, 1982) . Therefore, the mechanisms through which specific 5-HT2AR agonists elicit such profound alterations in cognition, perception, and mood remain poorly understood.
Most therapeutic drugs and many drugs of abuse interact with heptahelical receptors, and the effects of these ligands result from changes in receptor conformation that modulate cellular signaling responses. Many heptahelical receptor subtypes can couple to multiple signaling pathways (Jordan et al., 2000) , and specific agonists acting at the same receptor have been discovered to vary in their relative efficacy at activating these downstream signals (Berg et al., 1998) . This suggests that agonists induce distinct receptor conformations that preferentially activate specific signaling pathways, a hypothesis called agonist trafficking of receptor signaling (Kenakin, 1995) . Support for agonist signal trafficking has been obtained in tissue culture experiments with heterologous expression of heptahelical receptors (Berg et al., 1998; Cordeaux et al., 2001; Cussac et al., 2002) ; however, the relative stoichiometry of the receptors to other signaling components in recombinant cell lines may differ from that found in vivo and may cause anomalies in the pharmacological responses that are assayed (Kenakin, 1997) . The ability to measure agonist signal trafficking in the brain, for which there is not yet evidence, would have important implications for understanding the mechanism of action of neuroactive chemicals and for the development of specific neuropharmacological therapeutics. The behaviorally distinct effects of 5-HT2AR agonists provide a compelling experimental system for studying drug-specific signaling effects in vivo.
Signal transduction measurements are difficult to obtain in complex target tissues, and assays of a single signaling pathway often correlate poorly with the neurobehavioral effects of specific agonists (Egan et al., 1998) . To provide a bridge between cellular activity and behavioral responses, we studied the effects on gene expression of receptor activation by different agonists. Most signaling pathways regulate gene expression in response to extracellular cues (Clayton, 2000) , and receptor activation can cause concentration-dependent changes in the level of induction of specific genes (Yuen et al., 2002a,c) . Gene reporter constructs are widely used for monitoring the responses to activation of heptahelical G-protein-coupled receptors (Hill et al., 2001) . We reasoned that endogenous mRNA expression could provide a global assay of changes in the signaling network that would be useful both in vitro and in vivo to monitor agonist-specific intracellular and intercellular signal processing.
To elucidate the mechanism of action of 5-HT2AR agonists, we used high throughput gene expression assays to quantify the global cellular responses induced in vitro and in vivo. To our knowledge, quantification of changes in gene expression has not been used previously to differentiate agonist responses acting at the same receptor. Therefore, we first evaluated this approach using a standard in vitro pharmacological model, a stable cell line expressing the 5-HT2AR. We quantified the concentrationdependent gene changes to various agonists in human embryonic kidney 293 (HEK293) cells expressing the human 5-HT2AR (198A2) to demonstrate that gene quantification could provide a sensitive and agonist-specific readout of signal transduction responses to receptor activation. Having validated this assay in a cell line expression system, we then adapted this transcriptome signaling assay method to investigate the 5-HT2AR-dependent responses elicited by different agonists in mouse somatosensory cortex (SSCx) in vivo.
Materials and Methods
Cell lines and DNA constructs. The construct for the wild-type human 5-HT2AR was prepared as described previously (Ebersole et al., 2003) . The insert was subcloned from pAlter (Promega, Madison, WI) by SmaIXbaI digestion. For expression, the insert was subcloned into the EcoRV and XbaI sites of pcDNA3 (Invitrogen, Carlsbad, CA) . For functional studies, clonal stable cell lines were derived by transfection of HEK293 cells, as described previously (Ebersole et al., 2003) . The 5-HT2AR-expressing HEK293 cell line (198A2) expresses ϳ200 fmol/mg protein of human wild-type 5-HT2AR (Ebersole et al., 2003) .
Sources of chemicals. For cell and mice treatments, 5-HT, 5-methoxytryptamine, tryptamine, DOI, LSD, and LHM were obtained from Sigma (St. Louis, MO).
Cell-line drug treatment and processing. For quantitative real-time PCR (qRT-PCR) experiments, on day 1, cells were seeded in 24-well Biocoat (Becton Dickinson, Bedford, MA) multiplates at a density of 200,000 cells per well. On day 2, cells were switched to serum-free medium. On day 3, cells were treated with the indicated concentrations of agonist in serum-free medium and returned to the tissue culture incubator for 60 min at 37°C. Treatment was terminated by aspiration of the incubation medium and application of 370 l of lysis buffer containing guanidinium thiocyanate as described previously (Yuen et al., 2002b) . Isolation of RNA (performed in 96-well format using Strataprep96; Stratagene, La Jolla, CA), reverse transcription, and qRT-PCR were performed as described previously (Yuen et al., 2002b) . For oligonucleotide array analysis, cells were seeded in 15 cm culture dishes at a density of 12 ϫ 10 6 cells per plate. On day 2, medium was switched as described above. On day 3, cells were treated for 60 min with 10 M 5-HT. Cells were harvested with 10 ml guanidinium thiocyanate lysis buffer, and total RNA was isolated by the method of Chomczynski and Sacchi as described previously (Yuen et al., 2002b) . Baseline levels of gene expression were stable for the duration of these experiments.
Oligonucleotide microarray probe labeling and hybridization. Probe labeling and hybridizations were performed as described previously (Yuen et al., 2002b) . A total of nine arrays were used (five with vehicle-treated samples and four with 5-HT-treated samples). Pairwise comparison was done between all possible vehicle-treated versus 5-HT-treated sample pairs to generate the relative levels of expression of each transcript.
Generation of the 5-HT2AR null-mutant mice. The null-mutation mice for the 5-HT2AR were generated as detailed previously (Gingrich et al., 1999) . The mutant mice have no detectable changes in brain development or cytoarchitecture (A. Lira, M. Zhou, and J. Gingrich, unpublished data) .
Behavioral studies. Subjects used in behavioral experiments were 5-HT2AR wild-type and null-mutant mice of 129Sv background. Animal care and all experimental procedures were approved by the Institutional Animal Use and Care Committee. They were bred and raised in our facility and maintained on a 12 hr light/dark cycle (lights out at 8 P.M.). All subjects were offspring of heterozygote breeding. Twenty-four wildtype and 24 mutant native 12-week-old male mice weighing 23-33 gm were used in this experiment. Animals were group housed: two wild-type and two mutant per cage. Behavioral testing took place between 10:00 A.M. and 2:00 P.M. Animals were injected intraperitoneally with appropriate treatments, and 20 min later, they were placed into the center of a Plexiglas cage (28 ϫ 18 ϫ 15 cm) for 30 min, during which they were videotaped at close range by a video camcorder positioned directly above the cage. The administered doses have been shown previously to induce different behavioral responses in both mice (Winslow and Miczek, 1983; Gingrich et al., 1999) and rats (West et al., 2000) . Videotapes were scored for head twitches by an experienced observer blind to genotype and treatment. The experiment was conducted under dim light conditions (one 70 W light bulb illuminating the room facing away from the animals). Testing cages were thoroughly cleaned after each animal was tested to eliminate odor cues. The differences between the head-twitch response elicited by vehicle, DOI, LSD, and LHM in wild-type or 5-HT2AR null-mutant mice were assessed by Dunnett's post hoc test of one-way ANOVA of the normalized (square root) number of events.
Mouse somatosensory cortex sample processing. Experiments were performed on adult (8 -12 weeks old) male 129Sv mice. Animals were housed individually in a 12 hr light/dark cycle at room temperature (22°C) with food and water available ad libitum. Animals were injected intraperitoneally with saline 1 week before the experiment to reduce the effect of stress of a novel stimulus on gene expression. The day of the experiment, drugs (DOI, LSD, or LHM) or vehicle was administrated intraperitoneally, and after the indicated time, the mice were killed by cervical dislocation and then decapitated. The brains were removed and washed in dry ice-cold RNase-free saline for 1-2 min. The two bilateral SSCx were dissected, frozen in dry ice, and stored at Ϫ80°C until processing for total RNA isolation (Yuen et al., 2002b) . The approximate yield was 30 g per mouse SSCx. For in situ hybridization assays, brains were removed and washed as described above and stored at Ϫ80°C until use. All of the experiments took place between 10:00 A.M. and 2:00 P.M.
cDNA microarray development, probe labeling, and hybridization. The design, quality control, validation, and detailed protocols for use and analysis of this microarray have been described previously (Wurmbach et al., 2001 (Wurmbach et al., , 2002 . Total RNA (15-20 g) from each mouse SSCx (DOI and vehicle-treated) was labeled, and seven independent hybridizations from seven different DOI-or vehicle-treated mouse pairs were performed. cDNA array genes were identified as regulated on the basis of an algo-rithm described previously (Wurmbach et al., 2001) . Briefly, genes selected for qRT-PCR confirmation presented a fold change of Ͼ1.3, ͉t͉ statistics of Ͼ3, and signal intensity of Ͼ1% of the median signal intensity in at least one channel.
Quantitative real-time PCR. We used a protocol with minor modifications that has been described previously (Yuen et al., 2002a) . Each transcript in each sample was assayed four times, and the median threshold cycle (C T ) was used to calculate the fold change values [fold change ratios between experimental and control samples for each gene (FC)]. Data validity by modeling of reaction efficiency and analysis of measurement precision has been described previously (Yuen et al., 2002b) .
In qRT-PCR experiments performed in mouse SSCx samples, four genes were used as internal controls for normalization (␤-actin, gapdh, ribosomal protein s3, and mapkapk-5) . The corrected C T (cC T ) for a given gene was calculated from the deviation of the C T value obtained for each internal control gene in each sample from the overall average C T for that internal control gene. Each normalization gene was assayed in quadruplicate in each sample, and the median C T value was obtained in each sample used for analysis. Let the C T value for each normalization gene in sample i be represented by n ai , n bi , n ci , and n di . Let N a , N b , N c , and N d represent the median C T values obtained for each normalization gene in all samples in that experiment. The correction factor i for each sample i was calculated
The cC T for gene X (e.g., c-fos) could then be determined as cC
To determine the FC for given gene X in a drug-treated mouse, the mean of 2 cCT for that gene in cortex from all vehicle-treated animals (vehicle mean) was determined first. The fold change for each gene in each drug-or vehicle-treated animal (FC) was then calculated from the cC T for that gene in that animal: FC ϭ 2 cCT /vehicle mean. Statistical differences between the log (FC) values in each group were assessed. When the effect of DOI, LSD, and LHM on the mRNA levels of the assayed genes was studied, the ␣ value was corrected for multiple independent null hypotheses by using the Holm's sequentially rejective Bonferroni method as follows (Shaffer, 1995) :
(1/N ) , where ␣ ϭ 0.05 and N ϭ the number of independent null hypotheses (13 modulated genes presented in Table 1 ). Therefore, Student's t test was considered significant at p Ͻ 0.0038.
In situ hybridizations. Using subcloned and sequenced PCR fragments of the mouse c-fos [nucleotide (nt) 1780 -2113] and the egr-1 (nt 397-741) cDNA, high specific-activity RNA probes were produced from 200 ng of linearized plasmid using [
35 S]UTP (Ͼ1000 Ci/mmol) (DuPont NEN, Boston, MA) and T3 or T7 RNA polymerase. Probes were purified on Micro Bio-Spin 6 chromatography columns (Bio-Rad, Hercules, CA). Cryostat sections (10 m) were postfixed in cold 4% paraformaldehyde, 1ϫ PBS for 10 min at room temperature and rinsed twice in 1ϫ PBS. Sections were incubated in 0.25% acetic anhydride, 0.1 M triethanolamine for 10 min at room temperature. After dehydration, the sections were hybridized overnight at 55°C with the labeled probe (ϳ10 6 dpm) in 75 l of hybridization solution (100 mM Tris-HCl, 2 mM EDTA, 0.6 M NaCl, 50% formamide, 10% dextran sulfate, 1ϫ Denhardt's solution, 250 g/ml yeast tRNA, and 50 g/ml salmon sperm DNA, pH 8.0). After 60 min of RNase A (10 g/ml) incubation at 37°C, the sections were washed with 2ϫ SSC (20 min at room temperature), 0.5ϫ SSC, and 0.2ϫ SSC (30 min at 55°C). After dehydration, the sections were dried and exposed to Biomax MR films (Eastman Kodak, Rochester, NY) for 5-14 d. The autoradiograms were analyzed using the NIH Image program, version 1.62. Optical density values of SSCx from each mouse were averaged over at least two bilateral readings and subsequently converted to nanocuries per milligram of tissue equivalent with reference to [ 14 C] standards. Differences between the measurements in DOI-and vehicletreated SSCx were assessed by unpaired Student's t test.
Results
We first evaluated the feasibility of using gene responses to monitor cell signaling in 198A2 cells. Microarray studies allow the screening of a large number of candidates for differential levels of expression but are less accurate than high throughput qRT-PCR in determining the relative levels of expression observed (Yuen et al., 2002b) . To provide global expression data at the level of accuracy required to profile the pattern of signaling, we used microarrays for screening and performed detailed studies using qRT-PCR assays. Studying 25,000 clusters by oligonucleotide microarrays (oligonucleotide microarrays data have been submitted to Gene Expression Omnibus, http://www.ncbi.nlm.nih.gov/ geo) and confirming candidates by specific qRT-PCR assays, we identified 23 transcripts for which expression levels were regulated in 198A2 cells after exposure to 10 Ϫ 5 M 5-HT for 1 hr (supplementary Tables 1 and 2 ; available at www.jneurosci.org). We studied whether transcripts showing the largest induction with 5-HT were differentially activated by structurally distinct 5-HT2AR agonists. Concentration-response curves for gene induction by four agonists in 198A2 cells showed that these agonists differed in their relative capacity to activate different genes (Fig.  1 A) and that the global gene response profile obtained was specific for each agonist studied (Fig. 1 B) . The agonists that were tested caused no changes in expression of the genes studied in the parent HEK293 cell line, which does not express the 5-HT2AR (data not shown). These results suggest that these agonists, when complexed with the 5-HT2AR, induced different patterns of cellular signaling that were translated into the unique transcriptome fingerprints (TFPs) that were observed.
We investigated whether TFPs in mouse cortex could discriminate among partial agonists for the 5-HT2ARs that differ in behavioral activity in vivo (Fig. 2 A) . We first assayed the rodent head-twitch response, which is strongly correlated with 5-HT2AR activation (Willins and Meltzer, 1997; Gewirtz and Marek, 2000) . We found that the ligands LSD and DOI activated a significant head-twitch response in mice (Fig. 2 B) . In contrast, LHM, which is closely related both chemically (Fig. 2 A) and pharmacologically (Egan et al., 1998; Porter et al., 1999) to LSD, failed to induce this behavioral response. We investigated the role of the 5-HT2AR in mediating the head-twitch response by studying the effects of these agonists in 5-HT2AR null-mutant mice. No significant response was observed in mutant mice for any of these agonists (Fig. 2 B) . The expression level of 30 other neurotransmitter receptor transcripts, as well as cortical cytoarchitecture, is comparable in wild-type and 5-HT2AR null-mutant mice (Gingrich et al., 1999) . Therefore, the absent behavioral responses in the mutant animals resulted solely from the loss of the 5-HT2AR, additionally supporting the essential role of this specific molecular target in mediating the psychotropic effects of these drugs.
We then studied agonist modulation of gene expression in SSCx, a region implicated in the neuropsychological activity of 5-HT2AR agonists (Jakab and Goldman-Rakic, 1998; Scruggs et al., 2000) . Candidate transcripts to study by qRT-PCR assays were selected from those identified in mouse cortex cDNA microarray experiments or from the 198A2 cell line microarray studies described above. DOI was selected for in vivo microarray experiments because of its unique structure and its robust stimulation of 5-HT2AR-dependent behavioral responses (Fig. 2) . Seven microarray assays were performed with SSCx mRNA samples obtained from different mice 1 hr after injection with either DOI or vehicle. We used a thresholding algorithm that has been reported previously (Wurmbach et al., 2001) to identify the genes regulated by DOI in mouse SSCx (cDNA microarrays data have been submitted to Gene Expression Omnibus, http://www. ncbi.nlm.nih.gov/geo). Significant regulation of candidate transcripts identified through microarray experiments was confirmed by qRT-PCR and, for selected transcripts, by in situ hybridization (Fig. 3) .
To select the optimum time point for subsequent studies, the time courses of gene expression in SSCx after DOI exposure were investigated. Measurement variability was reduced by an aggregate normalization algorithm incorporating assays of four housekeeping genes (see Materials and Methods). Although the temporal pattern of induction by DOI varied for several transcripts (Fig. 3B) , most genes showed maximal changes at ϳ60 min after DOI exposure, and this time point was selected for subsequent studies. We also found that both induced and suppressed transcripts showed dose-dependent responses, indicating that these transcripts provide an in vivo signaling assay with a measurement range useful for comparing different agonists (Fig. 3C) .
We next quantified the effects on gene expression of the three agonists evaluated in the head-twitch study. Transcript levels 1 hr after injection of each agonist were compared with results obtained in vehicle-injected control animals by qRT-PCR. Thirteen transcripts showed significant changes induced by at least one agonist, with 10, 9, and 6 transcripts regulated by DOI, LSD, and LHM, respectively (Table 1, Fig. 4 ) (see also supplementary Table 3 ). Each agonist studied showed a unique and reproducible TFP. Three genes, c-fos, N-10, and I-B␣, showed a similar modulation by all three agonists. Notably, the genes egr-1, egr-2, and period-1 were unaffected by LHM, which caused no head-twitch response, but were similarly activated by the structurally dissimilar agonists DOI and LSD, which were active in the behavioral assay. The agonists that were assayed complex with several receptors in addition to the 5-HT2AR (Nichols, 1997) . Therefore, we generated TFPs in the 5-HT2AR nullmutant mice to determine which changes in gene expression required expression of the 5-HT2AR. DOI caused no expression changes in the 5-HT2AR mutant animals, and LSD and LHM altered the expression of only a single transcript, I-B␣ (Table 1 ,  Fig. 4 ). These data demonstrate that the cortical response components that occur in the absence of 5-HT2AR activation are detected by this assay and that modulation of nearly all transcripts that were obtained depends on 5-HT2AR expression.
Discussion
To understand the mechanisms underlying differences in the behavioral effects elicited by various 5-HT2AR agonists, we measured the changes in gene expression induced in vitro and in vivo. This application of high throughput quantitative genomics provides a detailed and specific portrait of the global signaling responses induced by activation of a heptahelical receptor. We demonstrate that specific TFPs are obtained after exposure to 5-HT2AR agonists, providing the basis for correlating genomic-based signal transduction and behavioral pharmacology in vivo. Our data support the hypothesis that agonists acting at the same molecular receptor in vivo can induce unique patterns of signaling, thereby eliciting different behavioral responses. We find that the TFPs obtained in SSCx with each agonist are unique and dependent nearly entirely on expression of the 5-HT2AR, as shown by their absence in 5-HT2AR null-mutant mice. Although we cannot exclude the possibility that the unique patterns of response result from simultaneous activation of receptor subtypes other than the 5-HT2AR, the demonstration that different agonists also can generate unique TFPs in the 5-HT2AR-expressing cell line makes this more complicated explanation for differences in drug effects less likely.
The agonist-specific TFPs observed may result from their pharmacophore and pharmacokinetic profiles. LHM has been reported to elicit behavioral responses in rodents, which although it is not believed to occur via 5-HT2AR activation (MaronaLewicka et al., 2002), it does provide a means for comparison of the pharmacokinetics of LHM, LSD, and DOI. The onset and peak behavioral responses to DOI, LSD, and LHM after intraperitoneal administration in rodents are similar (Mokler and Rech, 1984; Gewirtz and Marek, 2000) . The comparable pharmacokinetics of LSD and LHM are also supported by nearly identical dose-response curves obtained with intracerebroventricular and intraperitoneal administration of each agonist (Mokler and Rech, 1984) . Also pertinent specifically to the assay of gene changes after receptor activation are studies in cell lines suggesting that only the amplitude but not the pattern of gene induction over time depends on the intensity of the inducing stimulus (Yuen et al., 2002c) . These considerations suggest that the differences in the identities of the genes modulated by each agonist are unlikely to result from differences in absorption and kinetics. We find that DOI and LSD elicit a marked 5-HT2AR-dependent increase in the head-twitch response, whereas LHM causes no change in this behavior (Fig. 2) . Notably, the TFP data indicate that the absence of behavioral responses does not result simply because LHM is a weaker partial agonist at the 5-HT2AR. Indeed, some components of the TFP, such as jun-B and sty kinase, show a larger stimulation by LHM than by the two behaviorally active agonists (Fig. 4) . Therefore, the unique behavioral and signaling responses elicited by each agonist studied in vivo appear to result from agonist-specific differences in the activation of multiple signaling pathways coupled to the 5-HT2AR.
The induction of the transcription factor Fos has been used previously to study 5-HT2AR activation and the mechanism of action of hallucinogens in rodent cortex (Scruggs et al., 2000; Gresch et al., 2002) . In the present study, we found that all three 5-HT2AR agonists induced the transcription of c-fos in mouse SSCx in a 5-HT2AR-dependent manner. Notably, only the two hallucinogens, DOI and LSD, induced increased expression of egr-1, egr-2, and period-1 transcripts. Our results indicate that the use of induction of an early gene, such as c-fos, as a marker of neuronal activity can be interpreted more reliably in context of the overall changes in gene expression. Thus, in this experimental paradigm, our data suggest that c-fos is a nonspecific marker of agonist activation of the 5-HT2AR. In contrast, the genes for egr-1, egr-2, and period-1 are activated by changes in cortical signaling that appear to be specific effects of the two hallucinogenic agonists and that correlate with the generation of a head-twitch behavioral response.
The 198A2 cell studies were undertaken to demonstrate that gene responses could be used to generate concentration-response curves comparable with classical pharmacological assays and that the TFPs generated could distinguish the effects of different agonists acting at the same receptor; however, although both the in vitro and in vivo studies focused on 5-HT2AR agonist activities, the overall signal transduction amplification systems (Table 1, Fig. 4 ), their signaling activity using both conventional phosphatidylinositol hydrolysis and TFP are at the lower limits of reproducible assay (Ebersole et al., 2003) (data not shown).
TFPs monitor changes in signaling that correlate with the behavioral response that are assayed; however, the changes in transcript expression and the behavioral response occur contemporaneously and are unlikely to be causally related. In this respect, the TFPs can be thought of as conceptually similar to genetic biosensors or signaling reporters that have been introduced into transgenic models (Impey et al., 1996) . Unlike reporter constructs, however, TFPs do represent actual modulation of gene programs in mouse SSCx and therefore provide insight into the specific modulation of biosynthetic programs by each agonist. For example, the transcript of the adenosine A1 receptor (ar1) was found to be induced by DOI, unchanged by LSD, and downregulated by LHM. The adenosine A1 receptor opposes the activating effects of 5-HT2AR stimulation in the rodent cortex (Stutzmann et al., 2001) . Thus, the differential regulation observed could result in drug-specific enhancement or suppression of the responses to subsequent 5-HT2AR activation.
An intriguing relationship exists between the modulation of affect, attention, and cognition by hallucinogenic drugs that activate 5-HT2ARs and the antipsychotic activity of "atypical" neuroleptic drugs, such as clozapine, which are 5-HT2AR antagonists. We found that the transcription of period-1, a circadian rhythm-related gene (Cermakian et al., 2001) , was selectively regulated by the hallucinogens DOI and LSD but not by LHM. Interestingly, clozapine, unlike classic neuroleptics, has been reported to regularize circadian rhythms in patients with schizophrenia (Wirz-Justice et al., 2001). We also found that the nuclear receptor N-10 transcript was induced by all of the 5-HT2AR agonists studied in vivo. Consistent with our finding, this transcription factor has been reported to be downregulated in the rat forebrain after both acute and chronic clozapine exposure (Langlois et al., 2001) .
The responses assayed using TFPs represent signal processing that occurs both intracellularly and via intercellular circuits. The cellular and electrophysiological responses elicited by hallucinogenic drugs of abuse have been investigated by several laboratories (Aghajanian and Marek, 2000; Scruggs et al., 2000; Lambe and Aghajanian, 2001; Martin-Ruiz et al., 2001; Gewirtz et al., 2002) . Studies suggest that hallucinogenic drugs increase glutamate release by acting predominantly on presynaptic 5-HT2ARs located on thalamocortical terminals in neocortex (Aghajanian and Marek, 2000; Marek et al., 2001) . Local application of DOI in medial prefrontal cortex induces a head-twitch behavioral response in rats (Willins and Meltzer, 1997) , and the activation of 5-HT2ARs located on thalamic afferents have also been suggested to mediate this effect (Gewirtz and Marek, 2000) . The localization of the DOI-induced upregulation of c-fos and egr-1 mRNA that we observed agrees with previous studies reporting gene induction in rodent neocortex by 5-HT2AR agonists (Vaidya et al., 1997; Scruggs et al., 2000) and is similar to the distribution of the 5-HT2AR, which is concentrated in layers II/III and V/VI (LopezGimenez et al., 1997; Jakab and Goldman-Rakic, 1998) .
The pyramidal neurons constitute the major 5-HT2AR-expressing cells in the neocortex (Jakab and Goldman-Rakic, 1998) . Therefore, the proposed preferential action of hallucinogenic agonists on 5-HT2ARs located on thalamocortical terminals would leave the dense population of pyramidal 5-HT2ARs without a significant role in the effects of these drugs on the cortex; however, previous work in SSCx has relied on induction of c-fos, which our data suggest reflects a change in cortical cells that is less specific for neuroactive chemicals than that represented by the induction of other early genes, such as egr-1. The differences in cortical signal processing resulting from general 5-HT2AR activation (e.g., induction of c-fos) and from behaviorally active agonists (e.g., induction of egr-1) provide the basis for studies at a cellular level of resolution to clarify which neurons and cortical circuits mediate these responses. Statistical significance was assessed by Student's t test of the normalized (log) fold changes. The ␣ value was corrected for multiple independent null hypotheses by using the "Holm's" sequentially rejective Bonferroni method. Therefore, the level of significance was chosen at p ϭ 0.0038. *p Ͻ 0.001; **p Ͻ 0.0038 (see qRT-PCR data analysis). See supplementary Table 3 (available at www.jneurosci.org) for GenBank accession numbers and primer sequences.
A single receptor subtype may affect multiple interconnected signaling pathways (Jordan et al., 2000) , and specific agonists acting at the same receptor differ in their relative activation of these different signaling pathways (Kenakin, 1995) . For example, agonists acting at the 5-HT2AR in cell lines have been shown to differ in their relative activation of phosphoinositol and arachidonic acid signaling pathways (Berg et al., 1998) . In addition, distinct electrophysiological responses involving 5-HT2AR activation by different agonists have been reported in cortical pyramidal neurons (Aghajanian and Marek, 1999b; Arvanov et al., 1999) . Recent studies suggest that heptahelical receptors assume distributions among multiple active and inactive conformers (Peleg et al., 2001; Prioleau et al., 2002) . Agonists achieve their physiological effects by complexing with the receptors and altering the relative distribution of these conformers. Computational simulations with a receptor model (Zhang and Weinstein, 1993) and autoradiographic binding experiments in the human cortex (Lopez-Gimenez et al., 2001) are also consistent with the existence of ligand-selective 5-HT2AR conformational states. Our approach provides a means for quantifying the global changes in signaling that occur after receptor activation, and our data support the existence of agonist-mediated signal trafficking in vivo.
We demonstrate that the 5-HT2AR discriminates between different activating drugs as reflected in both behavioral responses and the modulation of the regional brain transcriptome. The signal processing that occurs after agonist activation of the 5-HT2AR, either at the level of the single cells or at the level of neuronal circuits, leads to distinct drug-specific patterns of response that are reflected in the unique TFPs obtained. The use of quantitative genomics to assay the effects of drug-receptor interactions in complex systems provides a new tool to elucidate the signal-transduction effects of different drugs acting at the same molecular target in the brain and may provide the basis for rational design of signaling pathway-specific neuropharmacological drugs. Mice were injected intraperitoneally with vehicle (WT, n ϭ 12; KO, n ϭ 6), DOI (2 mg/kg; WT; n ϭ 21; KO, n ϭ 6), LSD (0.24 mg/kg; WT, n ϭ 12; KO, n ϭ 6), or LHM (0.4 mg/kg; WT; n ϭ 12; KO, n ϭ 6) and killed after 60 min. Relative fold changes in levels of mRNA expression of 13 transcripts are shown. The basal expression levels of all of the assayed transcripts were comparable in WT and KO mice (data not shown) (Table 1) . See also supplementary Table 3 .
